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Abstract




Aims: To assess the physiological and perceptual responses
of fire fighters to a simulated protracted incident in tropical
conditions, and to compare the effectiveness of four
cooling methods.

Methods: 60 fire fighters participated in a simulated protracted
incident that consisted of salvage operations, breathing
apparatus confined space operations and simulated HAZMAT
containment while wearing fire fighting apparel in field
conditions (mean outdoor wet-bulb globe temperature of
29.4°C) for 30 minutes, followed by removal of the fire fighting
ensemble for 30 minutes of cooling; repeated 3 times. Fire
fighters were assigned to a cooling cohort

(1 Shade; 2 Crushed Ice Ingestion; 3 Water Immersion;

4 Misting Fan) matched for body mass index (BMI). During the
cooling phase, cohort 1 rested quietly in the shade, cohort

2 ingested 7.5mL.kg* body mass of crushed ice, cohort 3 were
immersed in 25°C water and cohort 4 were seated in front of a
misting fan. All 4 groups had ad libitum access to water and/or
a carbohydrate/electrolyte beverage. An ingestible telemetry
pill permitted measurement of core temperature throughout
the exercise, while tympanic temperature, heart rate, blood
pressure, subjective thermal sensation and thermal discomfort
ratings were recorded periodically throughout the

cooling phase.

Results: Overall, pre-exercise core temperature averaged
37.4°Cand rose 1.1°C to average 38.5°C following the initial
work phase of the exercise, with 5 participants exceeding a
core temperature of 39.0°C. Mean core temperature of the
water immersion group decreased to average 0.1°C below
pre-exercise readings, whereas the shade, crushed ice

and misting fan groups averaged 0.3-0.4°C above rest at

the cessation of the initial cooling bout. A similar pattern
continued throughout the exercise, with the water immersion
cohort demonstrating lower mean core temperature following
the 2" work phase (0.5-0.7°C), 2" cooling phase (0.3-0.6°C)
and final work bout (0.3-0.4°C) than the other groups. Thermal
sensation was perceived as warm to hot following the initial
work bout for all cohorts. 10 minutes of resting in the shade
or ice ingestion resulted in thermal sensation improving to
slightly warm to warm, whereas the water immersion and
misting fan group’s thermal sensation improved to slightly
cool to cool. After 30 minutes of cooling, the ice ingestion
and shade groups felt neutral to slightly warm with the water
immersion and misting fan group’s maintaining their cool to
slightly cool ratings. A similar pattern was repeated across the
2" and 3" cooling bouts.

Conclusions: This investigation confirms that physical

activity while wearing fire fighting apparel in a tropical
environment promotes rapid heat storage. Temperate water
immersion is more effective in lowering core temperature

than shade, crushed ice ingestion or use of a misting fan
during rest periods. For protracted incidents requiring strenous
work, a rehabilitation centre with medical support, hydration
and cooling inclusive of temperate water immersion

is recommended.
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1. Background

1.1. Protective Clothing

A fire fighters protective turnout gear is an
occupational requirement, similar to HAZMAT crews
or soldiers facing a chemical, biological and/or
radiological threat, allowing responders to operate

in hazardous environments by preventing injury

and ultimately sustaining life. While the protective
attire limits heat and chemical transmission from

the environment, such insulative properties create

a microclimate within the turnout gear that
drastically limits the removal of body heat. Ultimately
the required evaporative cooling to achieve thermal
equilibrium exceeds the capacity of the environment.
These conditions are termed uncompensable

and alter the physiological challenge presented

by physical activity, as heat loss mechanisms are
rendered ineffective causing body heat storage

until activity is ceased or exhaustion occurs.
Responses to uncompensable conditions differ

to those of milder environments as highlighted

in the following sections

1.2. Responses to Physical
Activity in Compensable
Conditions

The physiological responses to hot but compensable
field and laboratory conditions have been well
documented. Physical activity results in heat

storage that increases cutaneous blood flow and
sweating in an attempt to dissipate such heat. In hot
conditions, a narrow gradient exists between skin
temperature and that of the environment, causing
high cutaneous blood flow and sweat rate (Lee et

al., 1995; Patterson et al,, 1994) and a decrease in
mean arterial pressure (Rowell et al,, 1986; Nybo and
Nielsen). A compensatory increase in heart rate seeks
to meet demand from the active musculature and the
cutaneous circuit, resulting in high heart rates during
physical activity in hot conditions (Lee et al.,, 1995;
Galloway and Maughan, 1997).

Physical activity in a hot and humid environment
elevates peripheral and core tissue temperatures
compared with temperate conditions. For example,
a moderate bout of cycling in 40°C results in a
core temperature of ~38.9°C, whereas the same
exercise bout in 20°C produces a core temperature
of =37.9°C (Parkin et al,, 1999). Skin temperatures
are also higher during exercise in the heat as
demonstrated by the 3—5°C skin temperature
discrepancy between hot and temperate conditions
(Adams et al., 1975; Jentjens et al,, 2002).

1.3. Responses to Physical
Activity in Uncompensable
Conditions

Uncompensable conditions exacerbate the responses
observed in hot but compensable conditions. In
addition to the thermal barrier of the turnout gear,
the ~10kg impost not only requires additional work
but alters gait and efficiency of movement, increasing
internal heat production (Aoyagi et al,, 1994). The
effectiveness of increases in cutaneous blood flow
and sweating in response to the storage of heat are
limited due to the restriction of heat transfer through
the uniform and its impermeability to water vapour
for sweat evaporation.

High sweat rates and cutaneous blood flow causes

a hot and humid microclimate to develop within the
turnout gear (Chueng and McLellan, 1998), such that
even light exercise in 25°C with protective clothing
can result in physical exhaustion in just over 2 hours
(Table 1). While the conditions described in Table

1 are relevant year round for tropical regions, fire
fighters can experience more severe climates during
the summer fire season in the southern states.

National Critical Care and Trauma Response Centre
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Table 1. Tolerance times (minutes) of 37 Canadian Fire Fighters
working in temperate, warm and hot conditions. Table adapted

from McLellan and Selkirk, 2006.

Heavy
Moderate
Light

56.4

91.9
134.0

47.4 40.7
65.4 54.0
77.1 67.3

Table 2. Rectal temperatures at exhaustion during
uncompensable heat stress.

Trained 39.4 Tikuisis, et al., 2002

Trained 39.2 Cheung and McLellan, 1998
Trained 39.2 Selkirk and McLellan, 2001
Untrained 38.6 Selkirk and McLellan, 2001
Untrained 38.8 Chueng and McLellan, 1998
Untrained 38.7 Tikuisis, et al,, 2002

Untrained 38.8 Selkirk and McLellan, 2001

1.3.1. Physical Exhaustion in
Uncompensable Conditions

Physical exhaustion tends to occur at a core
temperature of ~40°C for well trained subjects
working at a moderate intensity in athletic attire
(Gonzalez-Alonso et al,, 1999; Nielsen et al.,, 1993;
1997). The data of Table 2 suggests that protective
clothing lowers the core temperature threshold

for exhaustion (38.6-39.4°C) compared to more
favourable conditions. It is tempting to speculate that
the augmentation of blood volume with increased
physical fitness confers a superior ability to tolerate
heat stress. The expansion of general circulation
would permit a higher cutaneous blood volume for
a given cardiac output (Rowell, 1986). Yet others
(Sawka et al., 1992; Selkirk and McLellan, 2001)
found no relation between physical fitness and

core temperature at exhaustion in uncompensable
heat stress. Furthermore, increasing fitness by

15% and presumably expanding blood volume by
10-15% (Mier et al.,, 1996) confers no benefit for
core temperature, heart rate or tolerance times at
uncompensable heat stress exhaustion (Aoyagi et al,,
1994). Two weeks of training improves physiological
responses to compensable conditions yet no changes
are observed during uncompensable heat stress
(Cheung and McLellan, 1998). So, rather than the
ability to maintain cardiac output during heat stress,
the habituation to elevated core temperature that
occurs with chronic endurance training may confer
high internal temperature tolerance (Selkirk and
McLellan, 2001). Regular responding and training

in hot conditions is likely to improve the tolerance
of NT Fire and Rescue personnel to high

core temperatures.

National Critical Care and Trauma Response Centre
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1. Background

1.3.2. Field Investigations

Subjects from field investigations have greater
physiological tolerance to uncompensable heat
stress than their laboratory-based counterparts.
This conclusion was drawn from an analysis of
over 850 experimental trials that identified a
median 0.9°C discrepancy for core temperature at
exhaustion between settings (Sawka et al,, 2001).
The higher core temperature in the field could

be a result of motivation stemming from actual
events as opposed to simulations in a laboratory,
or to the chronic acclimatisation status of the field
trial subjects. Severely high core temperatures
(>41°C) can be observed following competitive
running events (Richards et al,, 1979; Maron et al.,
1977), where motivation may overwhelm the drive
for thermoregulation. Although not stringently
researched, motivation (monetary rewards) can
induce greater thermal stress tolerance to extreme
conditions (Johnson and Cabanac, 1983). It's
intuitive to expect that the opportunity to save life
would have a similar effect on motivation. Field
subjects and competing athletes may therefore
suppress physiological cues to tolerate higher
core temperatures at exhaustion than subjects in
laboratory studies. The incongruence between the
laboratory and field thermal tolerance (Sawka et al.,
2001) encourages assessment of fire fighters in the
field rather than the laboratory.

1.3.3. Northern Territory

The aforementioned data establish that wearing
protective attire results in potentially dangerous
thermoregulatory and cardiovascular stress to

the wearer, with a high risk of heat-related illness
(House et al,, 2003; Ilmarinen et al,, 2004; Latzka et
al, 1998). Darwin, capital and the most populous
locality of the Northern Territory experiences a
tropical climate defined into 2 distinct seasons, dry
and wet. The dry season typically produces warm
to hot ambient temperatures with low to moderate
levels of relative humidity (Table 3). The wet season
is characterised by hot ambient temperatures and
high levels of environmental moisture. While both
seasons can present challenges for thermoregulation,
the wet season poses the greatest risk of
hyperthermia. In their 2006 paper, McLellan and
Selkirk (Table 1) demonstrated that the conditions
of Table 3 limit fire fighter exposure time to ~41
minutes while undertaking heavy work.

Table 3. Average environmental Conditions of Darwin, NT (Bureau
of Meteorology Darwin Airport Observatory, 12.4°S, 130.9°F)

Max. Temp (°C) 34.0 347
9am Relative

Humidity (%) =t 7oy
3pm Relative 41.0 62.3

Humidity (%)
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There have been documented cases of people
suffering serious injury and death as a result of
hyperthermia due to activities undertaken during the
wet season in areas proximal to Darwin. Highlighting
the potential for thermal injury in such conditions
was the death of an Australian Defence Force

soldier from heat stress whilst training in the Top
End (Cavanagh, 2005) with several other defence
personnel hospitalised. Anecdotal reports of medical
staff from the Royal Darwin Hospital providing first
aid to fire fighters and Northern Territory Emergency
Service personnel involved in multi-agency wet
season exercises emphasise the risks of responding
in a tropical environment.

Currently, in the event of a fire fighting incident in
Darwin, responders would be required to work in
protective attire with breathing apparatus. Based
upon estimated time required to empty

a cylinder, approximately 30 minutes of work can

be accomplished prior to cylinder change. This
‘enforced’ break from the incident provides an
opportunity to assess the fire fighter and take steps
to minimise heat stress, extending the period the fire
fighter can continue to respond. Currently there are
no definitive guidelines maximising performance of
NT Fire and Rescue personnel responding in the heat.
Standard Operational Procedure No. 045, Effects of
Heat Stress, advises personnel how to minimise heat
production, maintain hydration and to recognise the
symptoms of heat illness. The sole recommendation
for cooling is sponging skin with water and accessing
a fan to increase evaporative cooling.

The US National Fire Protection Authority (NFPA)
standard 1584 on the rehabilitation process for
members during emergency operations and training
exercises (2008) is a comprehensive policy covering
all aspects of fire fighter welfare. Included within the
policy are guidelines to monitor fire fighter vital signs
to guide fire fighter management during an incident.
Following 20 minutes recovery, a fire fighters heart
rate is recommended to be less than 100 beats.
minute, with systolic and/or diastolic pressure
advocated to be lower than 160 and 100mmHg,
respectively. Unfortunately, there is no evidence
contained within NFPA 1584 to support the efficacy
of these recommendations or their validity for other
cohorts of fire fighters, including those that work in
tropical conditions.

1.4. Cooling Methods

Strategies are required to improve the health

and effectiveness of fire fighters operating

in uncompensable field conditions. With
thermoregulatory mechanisms rendered ineffective
by the harsh conditions, exogenous cooling could
potentially extend work time, or reduce the duration
or frequency of rest breaks required to manage body
heat storage. Methods of active cooling studied

in uncompensable occupational settings include
wearable cooling systems (Cadarette et al,, 2002;
2003; McLellan et al,, 1999a), the application of ice
vests (Barr et al., 2009; Heled et al,, 2004; House et
al,, 2003). immersion of the hands in cool or cold
water (Giesbrecht et al,, 2007; House et al.,, 2003;
Khomenok et al., 2008), whole body immersion
(Peiffer et al,, 2010b; Proulx et al,, 2003) and spraying
participants with water (Heled et al,, 2004;

Selkirk et al., 2004).

1.4.1. Wearable Systems

Both the Canadian and US military have studied
various types of modified personal protective
equipment with built-in cooling systems and found
that the suits can improve physiological responses
and exposure time (Cadarette et al, 2002; 2003;
McLellan et al, 1999a). However, McLellan et al.
(1999a) acknowledged that this type of suit was
not feasible for use by personnel who would be
wearing it whilst mobile on land, as it would be too
heavy and required a power source (McLellan et al,,
1999a). Therefore, despite the desired physiological
outcomes, more practical cooling strategies

are required.

A parallel field of research has evaluated a series
of cooling techniques for athletes. While athletes
do not endure the thermal environment of fire
fighters, their high intensity physical activity causes
rapid body heat storage in hot conditions (Brearley
and Finn, 2007; Gore et al,, 1993). Therefore, sport
scientists have sought to minimise heat storage and
maximise performance through the use of practical
cooling strategies.



1. Background

1.4.2. Ice Jackets

The most widely used cooling mode in the field of
sports science has been ice compressed against the
skin in jackets or vests for pre-cooling and cooling
during scheduled breaks. Prior to the 1996 Summer
Olympics, Australian Institute of Sport scientists
developed ice jackets that slightly blunted the core
temperature rise when worn during warm up periods
(Smith et al.,, 1997; Yates et al,, 1996). Others have
cooled athletes during warm-up periods to achieve
cooler core and peripheral temperatures prior to
performance. Arngrimsson et al. (2004) applied the
Australian Institute of Sport designed ice jacket
during a 38 minute warm up in tropical conditions
to lower core temperature by 0.2°C. Moderate cycling
in hot conditions with a cooling jacket resulted in a
lower rectal temperature (0.2°C) following

45 minutes (Hasegawa et al,, 2005). Duffield et al.
(2003) failed to lower core temperature by applying
an ice jacket for 5 minutes before and during
scheduled breaks of a simulated hockey protocol.
Similarly small gains have been observed for fire
fighters during laboratory trials (Bennett et al,,
1995), however such benefits are not reproduced
when compared to passive rest in temperate
conditions (Carter et al, 2007). Medical responders
with chemical, biological and radiological personal
protective equipment demonstrated an attenuated
core temperature response to 30 minutes of work
in tropical conditions, a ~0.4°C benefit compared to
resting in the shade (Norton et al,, 2010). Combining
an ice jacket with an additional cooling method
such as forearm water immersion substantially
increases its physiological impact, achieving a core
temperature decrease of 0.5°C (Barr et al,, 2009).

The primary advantage of utilising garments
containing ice for cooling is their practicality,
however this advantage is diminished for

repeated bouts of use, where the garment requires
‘re-cooling’. Ice jackets can also hinder movement
and work performance due to their bulkiness.
Overall, commercially available ice jackets
demonstrate a limited potential to curb heat storage
during and/or in between bouts of physical activity
in hot conditions when used in isolation.

1.4.3. Forearm Immersion

Another practical cooling method is forearm and/
or hand immersion in cold water, typically set at
10°C. Forearm immersion relies on lowering core
temperature through convective heat transfer
between the blood and forearm tissue (Ducharme
and Tikuisis, 1991) and can be effective for repeated
work and cooling bouts. Giesbrecht et al. (2007)
utilised 3 bouts of working for 20 minutes followed
by 20 minutes of 10°C forearm immersion to lower
core temperature by 0.6°C more than control

and 0.3°C more than 20°C forearm immersion.
10°C hand immersion has also provided small
physiological benefits when used for only

10 minutes following 50 minutes of work
(Khomenok et al.,, 2008). However, the benefits are
not present when compared with passive cooling in
an air conditioned room (24°C) (Carter et al., 2007;
Hostler et al,, 2010).

We decided against incorporating forearm
immersion in the present investigation as the small
physiological benefits observed in clinical studies
are likely insufficient to counteract the heat storage
of fire fighters in tropical field conditions.

An additional drawback was the likelihood of
limited manual dexterity following hand cooling
(Cheung et al, 2003).

1.4.4. Ice Towels

Ice towels have not been stringently researched

but are nonetheless recognised as a treatment for
hyperthermia (Roberts, 2007), have been used to
cool fire fighters (Bull, 2008; Espinosa 2008) and
have been trialled as part of pre-cooling procedures
for athletes (Duffield et al, 2009; Myler et al.,,

1989; Ross et al,, 2010). Espinosa (2008) applied
ice towels during a 20 minute recovery period for
fire fighters to lower core temperature by ~0.6°C,

a similar benefit observed for forearm immersion
and a small ~0.2°C improvement over resting in the
shade. Ice towels have also been utilised to cool fire
fighters in a report by Bull (2008), however the use
of tympanic temperature prevents the development



of firm conclusions from the data. Medical staff
treating hyperthermic runners in the field have used
ice towels to lower core temperature (Armstrong et
al, 1996; Richards et al,, 1979), with cooling rates
approximately half the rate observed for cold water
immersion. Based on the limited data available, other
techniques possess greater potential to achieve a
substantial core temperature decrease, leading sport
scientists to use ice towels in conjunction with other
pre-cooling methods (Duffield et al,, 2009; Ross et al,,
2010).

1.4.5. Whole Body Immersion

Whole body immersion has been evaluated as a
method that can lower pre- and post-activity core
temperature, thereby increasing an individual's
heat storage potential. The unpredictable nature of
fire fighting callouts means that pre-cooling is not
practical, however, the physical properties of water
make it a suitable method for cooling following
heat storage. There appear to be three options for
intermittent water immersion, a relatively short
immersion (=5 minutes) at cold water temperatures
(<15°C), a moderate immersion of 12-15 minutes in
15-25°C or a longer immersion protocol of 20-30
minutes in temperate water (25-28°C).

The limited data available for short duration
immersions shows that 5 minutes of exposure

to 14°C water is not effective for thermoneutral
subjects (Peiffer et al., 2010a), which is not surprising
given that cooling is most effective for individuals
suffering heat stress, as high internal temperatures
act to limit the effect of local skin cooling on
vasoconstriction, allowing greater contact time for
blood with the cooled periphery (Casa et al,, 2007).
The same protocol can lower core temperature

by ~0.5°C for warm/hot subjects (Peiffer et al,
2009a), however there is minimal core temperature
difference when immersion in 14°C is sustained

for 5, 10 or 20 minutes (Peiffer et al., 2009b) and
minimal differences for 5°C v 14°C cooling for

12 minutes (Clements et al,, 2002). Extremely cold
water (2°C) is the most rapid method to lower core
temperature of hyperthermic individuals with no
difference between the cooling rates of 8, 14 and
20°C due to shivering intensity increasing at lower
water temperatures (Proulx et al,, 2003). Shivering
wasn't observed for 2°C water immersion as the
duration was relatively brief (8.8 minutes) and has
been recommended as the treatment of choice for
dangerous hyperthermia by a recent large scale
review (McDermott et al., 2009). While short duration
cold water protocols are effective in rapidly reducing
core temperature during hyperthermia, practicality

issues arise when operating in tropical field
conditions. The availability of the required volumes
of ice to initially lower and subsequently maintain
water temperature limits the utility of this method.
For example, to lower the temperature of a 600L
water bath from 25°C to 2°C would require ~172kg
of ice (Table 4). Therefore, immersion protocols

that utilise temperate water are more likely to be
achieved in the field. Despite their logistical benefits,
less research has examined temperate water as a
cooling modality following heat storage. Prior to
competition, temperate water immersion is a popular
means of pre-cooling as athletes seek to lower their
core temperature without inducing shivering. To
achieve this, athletes utilise ~30 minutes of 25-28°C
immersion that can lower core temperature by
~0.5°C (Brearley and Finn, 2006; Marino et al,, 1998).
If temperate water cooling is effective in lowering
core temperature and improving physiological and
perceptual strain once an individual has become
warm/hot, the possibility of utilising such methods
in the field for emergency responders to return

to an incident and extend response time

warrant consideration.

Table 4. \Volume of ice required to lower water temperature
of a 600L bath from 25°C to desired temperature.

Ice Requirement (kg) 37.5 82.5 127.5 172.5

Unfortunately, temperate water immersion following
heat storage has not been stringently tested. A recent
study by Taylor et al. (2008) examined the time to
cool core temperature while immersed in 14°C and
26°C water following substantial heat storage. While
14°C water resulted in a faster core temperature
decline, Taylor et al., (2008) established that
temperate water is an effective modality for lowering
core temperature, achieving a cooling rate of 0.1°C.
minute™ for rectal temperature.

National Critical Care and Trauma Response Centre 7



1. Background

1.4.6. Crushed Ice Ingestion

It has been well established that hydration is

a strategy that can blunt the rise of core temperature
during physical activity. Furthermore, cold fluid
consumption results in greater attenuation of

core temperature and improved physical
performance (Lee et al,, 2008; Mundel et al,

2006; Wimer et al,, 1997).

Preliminary research suggests that a practical
alternative to the previously discussed cooling
methods is the ingestion of crushed ice. Commonly
referred to as a slurpee or slushie, crushed ice was
identified as a possible cooling method for athletes
earlier this decade (Brearley and Finn, 2003), as the
mechanical cooling properties of ice are far greater
than an equivalent volume of cold fluid. For example,
consuming 7.5mL.kg* of crushed ice (-1°C) lowered
core temperature by 0.66°C whereas an equivalent
volume of cold fluids (4°C) reduced core temperature
by 0.25°C (Siegel et al,, 2010). Ihsan et al (2010)
demonstrated that crushed ice ingestion also

lowers core temperature prior to exercise and that

it translates to improved endurance performance.
While less research has been conducted utilising
crushed ice than alternative modes of cooling, its
practicality and preliminary physiological benefits
warrant strong consideration for cooling

in occupational settings.

1.4.7. Misting Fan

Evaporative cooling is a simple method that can

be effective, and is often overlooked for more
technically demanding cooling modes. Of the limited
research to evaluate the use of misting fans, there

is enough evidence to warrant their investigation.
Misting fans can improve thermal comfort in tropical
conditions (Wong and Chong, 2010), lower core
temperature (Espinosa, 2008) and extend work time
in uncompensable conditions (Selkirk et al., 2004)
but to a lesser extent than other cooling methods.
Regardless, the use of misting fans are deemed an
appropriate first aid treatment for hyperthermia

in the field (Sinclair et al, 2009). The misting fans
utilised to date have utilised air velocity of ~2 to ~7
metres.second™, while spraying less than 10 litres of
water.hour™.

The use of high speed fans and additional water flow
substantially greater than that of Sinclair et al. (2009)
and Selkirk et al. (2004) may improve the cooling
power and the physiological results reported to date
and support misting fan application to intermittently
cool fire fighters.

1.5 Summary

This investigation aimed to assess the physiological
and perceptual responses of fire fighters to a
structural fire fighting exercise in tropical field
conditions, and to compare the efficacy of four
cooling methods during rest periods. On the basis
of research from the field of sports science, we
predicted that the 3 novel approaches to cooling
would more effectively improve physiological and
perceptual strain in comparison to the standard
approach of resting in the shade. We predicted that
the cooling methods would limit the rise in core
body temperature sustained by participants during
repeated periods of exertion in the heat, reduce the
perception of feeling hot and extend the period they
were able to respond to an incident.

Our primary objective was to find a method

(or methods) of allowing for more effective and
safer work by fire fighters during a protracted
incident in the tropics. A secondary objective was
to find a surrogate physiological marker for core
temperature. If a marker such as heart rate, blood
pressure or subjective thermal sensation correlated
closely with a rising core temperature, we could
overcome the need for expensive and invasive core
temperature monitoring of fire fighters and provide
a convenient method of monitoring the risk of
responders developing hyperthermia. Such
markers may also influence decisions of whether
fire fighters should continue to respond during
prolonged incidents.



2. Methodology

Sixty fire fighters (59 men, 1 woman) participated in a
simulated fire fighting incident consisting of 3 cycles
of 30 minutes work (salvage operations, confined
space operations and HAZMAT containment) followed
by a 30 minute rest period where subjects were
randomised into 4 cohorts (1 Shade; 2 Ice Ingestion;
3 Water Immersion; 4 Misting Fan) matched for body
mass index (BMI). The total protocol therefore took

3 hours to complete.

Figure 1. Experimental schematic of the
procedures and their timing.

The simulated exercise was conducted on the
grounds of Stuart Park Fire Station, Darwin, Northern
Territory, Australia over 4 respective days during
February, April and May 2009. The subjects to
participate on a given test day were randomly
assigned to work group 1 or 2. Work group 1
commenced the active phase at 1200, with work
group 2 commencing at 1230, coinciding with the
commencement of the cooling phase for work group
1. Subjects worked at each of the stations for

10 minutes, one rotation representing 30 minutes of
work followed by 30 minutes of rest. This cycle was
repeated 3 times according to Figure 1.

TIME .Group2 TIME
0700 0700
Telemetric Pill
Consumption
1100 1100
Physiological
Measures
1130 1130
Assigned to
Group 1 or
1200 1200
Work Station 1, 2, 3.
Salvage Operation,
CSO, HAZMAT
Containment
1230 1230
Work Station 1, 2, 3.
Cooling Station sal(\ilggel-cl)ApZeh:la;'il'on'
Con'tainment
1300 1300
Work Station 1, 2, 3.
Salvage Operation, li tati
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2. Methodology

2.1. Experimental Design

2.1.1. Work Stations

Immediately prior to the commencement of the
exercise, participants applied their bunker jacket and
overtrousers comprised of 93% Nomex, 5% Kevlar
and 2% Carbon (CTEPPC, Broadmeadows, Victoria,
Australia), boots, gloves, helmet and breathing
apparatus (PA 94 Plus, Draeger, Mount Waverly, VIC,
Australia) with a combined mass in excess of 10kg.
(Figure 2). Fire fighters subsequently commenced the
initial work phase at the salvage operation, breathing
apparatus confined space operations or simulated
HAZMAT containment.

Figure 2. Fire fighter with turnout gear

Image courtesy of Joe Stenhouse

2.1.1.1. Salvage Operation

The salvage operation required fire fighters to
continuously remove household items from a

room within the Stuart Park Training Facility. The
items included furniture, carpet and audio-visual
equipment (Figures 3 and 4). Where time permitted,
the fire fighters would replace the items in the room.
At the end of the 10 minute shift, the crews would
rotate such that the following crew would start where
the previous crew finished. The work was conducted
both indoors and outdoors.

Fire Fighter Cooling in Tropical Field Conditions

Figure 3. Salvage operation task scene

h’ 1.

Image courtesy of Joe Stenhouse

2.1.1.2. Breathing Apparatus Confined
Space Operations

Breathing apparatus confined space operations were
performed in the Stuart Park Training Facility, and was
therefore conducted indoors (non air-conditioned).
Fire fighters manoeuvred through a series of

purpose built tunnels simulating movement through
a building on fire in full uniform with breathing
apparatus under the supervision of an instructor for
10 minutes (Figures 5, 6 and 7).



Figure 5. Fire fighters working during the breathing apparatus
confined space operations

Figure 6. Fire fighter working during the breathing apparatus
confined space operations

Figure 7. Fire fighter working during the breathing apparatus
confined space operations

2.1.1.3. Simulated HAZMAT

Containment

Fire fighters worked in pairs to establish a bund wall
by filling and emptying sandbags (Figures 8 and 9).
This task was performed outdoors and simulated
during a HAZMAT situation.

Figure 8. Fire fighters filling sandbags

11
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2.1.2. Cooling Stations

Figure 11. Misting fan station.

At the cessation of a 30 minute work bout, fire
fighters walked approximately 100 metres from the
work area to the engine room of the fire station and
presented to the cooling station they were assigned
pre-study.

Cohort 1 fire fighters rested in their fire fighting over
trousers and t-shirt within the engine room of the
Fire Station (Figure 10).

Cohort 2 rested in the shade and were instructed

to consume 7.5mL.kg™* body mass of crushed ice

as quickly as possible during the cooling phase.

The crushed ice was a 7.2% carbohydrate, electrolyte
beverage (Gatorade; Cadbury Schweppes,

Melbourne, VIC) made in an automated ‘slurpee’ Image courtesy of Joe Stenhouse
machine (Essential Slush Company, Gold Coast,
QLD).

Figure 12. Fire fighters undertaking 25°C water immersion.

Cohort 3 were immersed in baths constructed from
non-pressurised 50mm PVC tubing and a liner
(Figure 12). The bath dimensions were 1.60m long
x 0.84m wide x 0.75m high, creating a maximal
water volume of 1.01m?>. Baths were filled to ~60%
capacity, creating an approximate water volume of
600L. 1 or 2 fire fighters were immersed in each
bath to maximise comfort, however up to 4 athletes
are accommodated in the baths during sporting
scenarios. Water temperature was maintained at
25°C by measuring with a digital thermometer
(digi-thermo, ACTROL, Melbourne, VIC) and adding
cubed ice periodically.

Image courtesy of Joe Stenhouse

Figure 10. Fire fighters in the shade (left) and crushed ice
ingestion (right) cohorts during a cooling phase.

Cohort 4 rested in front of 2 misting fans within a
shade tent (Figure 11). Each misting fan was 0.65m
in diameter with purpose built irrigation tubing
(1.3cm diameter) connected to the front of the fans.
Four misting jets sprayed water from the irrigation
tubing connected to mains water at a pressure of

~ 43 psi. Fire fighters sat 3 metres from the fan where
air velocity was 1.8 metres.second™ with a water flow
rate of 60 litres.hour™



2.2. Subjects

Northern Territory Fire and Rescue staff and
Australian Rescue Fire Fighters who would potentially
be required to don fire fighting turnout gear in the
event of a fire fighting incident were invited to
participate in the study. Participation was voluntary
and unpaid, and all participants were fully informed
and consented prior to the study, and completed a
basic survey of lifestyle factors (Appendix 7.1.), with
subject characteristics summarised by Table 5.
Subjects were randomised into cooling groups
according to BMI. Exclusion criteria included those
who were unwell or febrile, unfit to participate in

a simulated response exercise, unable to swallow
the telemetry pill, and those who had a rapid
gastrointestinal tract transit disorder or any form of
gastrointestinal obstruction or dysmotility. Ethics
approval was granted in January 2009 through the
Human Research Ethics Committee of the

NT Department of Health & Families and Menzies
School of Health Research Northern Territory
(Ethics Code 08/80).

Table 5. Subject Characteristics. Data are Mean (SD)

2.3. Physiological Measures

2.3.1. Gastrointestinal
Temperature

An ingestible telemetric temperature sensor
(CorTemp 100, HTI Technologies, Florida, Ml, USA)
was used as a measure of core body temperature by
transmitting a signal proportional to the temperature
of the gastrointestinal tract to a handheld

receiver. Once located in the gastrointestinal

tract, the thermosensitive pill is a valid indice of
core temperature when referenced to rectal or
oesophageal temperature (O'Brien et al., 1998).

Participants ingested a core temperature pill

with fluid prior to breakfast which preceded the
commencement of data collection by ~ 4 hours. This
timeframe was adopted to allow the pill to empty
from the stomach and enter the small intestine while
minimising the risk of the pill being emptied from the
body prior to the completion of the study (O'Brien

et al, 1998). To control for the possibility of local
cooling of the telemetry pill via ingestion of fluids
and/or crushed ice, subjects were excluded from the
study if gastrointestinal temperature was less than
35.50C, and/or decreased by 2°C in any 5 minute
period during the rest phase.

Core temperature was measured evey 10 minutes
during work phases and every 5 minutes during rest
phases (Figure 13).

Shade 15 27.1(3.7) 84.9 (10.2) 1.77 (0.04) 36.8 (4.6) 24.8(12.7)
Ice Ingestion 15 27.1(3.4) 85.6 (10.4) 1.78 (0.05) 34.8(7.2) 13.9(11.2)
Water Immersion 15 27.1(3.1) 86.9 (8.2) 1.79(0.04) 38.4(7.3) 24.6(12.5)
Misting Fan 15 27.7 (3.1) 89.4(9.8) 1.80 (0.08) 36.0(5.7) 21.9(15.1)

National Critical Care and Trauma Response Centre 13
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2.3.2. Tympanic Temperature

An infrared tympanic thermometer measured
tympanic temperature (Thermoscan Pro 3000,
Braun, Kronberg, Germany). A sterile probe cover
(Thermoscan PC20, Braun, Kronberg, Germany) was
attached to the thermometer for each measurement
prior to lifting the ear by vertically pulling on the
superior aspect of the pinna.

2.3.3. Heart Rate

Heart rate was measured and by a band fitted across
the subjects chest (Vantage NV, Polar, Kempele,
Finland) and recorded periodically throughout the
rest phase.

2.3.4. Blood Pressure

Blood pressure measurements were assessed during
the rest period by auscultation of the brachial artery
of the right arm. Procedures for blood pressure
measurement were according to O'Brien et al. (2001)
without prior palpation due to time constraints.

Mean arterial pressure was determined from heart
rate, diastolic and systolic blood pressure according
to following equation (Moran et al., 1995).

Mean arterial pressure = DBP + (st x PP) (mmHg)

Where st = (0.01exp (4.14 — 40.74))/HR;
DBP = diastolic blood pressure;

HR = heart rate; PP = pulse pressure;
SBP = systolic blood pressure

2.3.5. Anthropometric Measures

Body mass was measured in a semi-nude state
(wearing underwear only) on a calibrated scale
(UC321, AgD Mercury, Adelaide, SA, Australia).
Subjects stood on the scale platform with an

even distribution of body mass. Upon establishing
a stable reading, body mass was recorded to the
nearest 0.05kg.

Stature was measured as the greatest vertical
distance between the floor and vertex of the

head with a calibrated stadiometer (Len Blaydon,
Lungarno, NSW, Australia). To achieve an accurate
measurement, subjects stood with heels touching
the stadiometer and were instructed to take a deep
breath while looking straight ahead with their head
in the Frankfort plane. The stadiometer headboard
was lowered to contact the vertex of the head

to permit measurement of height to the nearest
millimetre (mm). The stadiometer was routinely
calibrated against a steel rule.

Figure 13. Subject having core temperature assessed.

Image courtesy of Joe Stenhouse



2.3.6. Hydration Status

Urine specific gravity was assessed with a
refractometer (Atago URC-NE, Tokyo, Japan).
Refractometers permit the measurement of dissolved
solids in liquids by passing light through a liquid
sample and showing the refracted angle on a
specific gravity scale. A greater density reflects lower
hydration status.

A one-point calibration with distilled water (Elgacan,
Elga Ltd, Bucks, England) was performed prior to
testing of urine specimens. Distilled water (dH,0)
was allowed to equilibrate to room temperature for
one hour prior to calibration. Approximately 60ul of
dH,0 was placed on the specimen plate for analysis.
The lid was closed gently ensuring a thorough and
even spread of the dH,0 over the specimen plate.
The refractometer was raised to the researcher’s right
eye in a well-lit laboratory and the refractive index
was aligned with 1.000 by turning a small screw atop
the refractometer.

The specific gravity of urine specimens was
determined by observation of the scale with a urine
sample on the specimen plate. Upon determination
the specific gravity was manually recorded. Following
specimen analysis, care was taken to thoroughly
clean the refractometer specimen plate by washing
with distilled water and drying with sterile gauze
(Handy, BDF, Sydney, NSW, Australia). Urine specific
gravity values were subsequently compared to the
index of hydration status from Casa et al., (2000).

All 4 groups had ad libitum access to fluids, which
included an electrolyte, carbohydrate replacement
drink (Gatorade, Cadbury Schweppes, Melbourne,
Australia) made to half strength (3.6% carbohydrate)
and water. Both were served at a temperature of
16-20°C. The crushed ice was a 7.2% carbohydrate,
electrolyte beverage (Gatorade; Cadbury Schweppes,
Melbourne, VIC) made in an automated ‘slurpee’
machine (Essential Slush Company, Gold Coast, QLD).

2.3.7. Dehydration, Fluid
Consumption and Sweat Rate

Dehydration was estimated from body mass change
from pre- to post-exercise. Subjects were weighed
semi-nude prior to changing into fire fighting attire.
Post-exercise, fire fighters removed their attire and
towelled non-evaporated perspiration from the

skin and hair prior to body mass measurement.

The resultant dehydration estimation was expressed
as a percentage of pre-study body mass by the
following equation.

Dehydration (%) =
(Body Mass Loss / Pre-Study Body Mass) x 100

Where body mass loss and pre-study body mass are
reported in kg.

Fluid consumption was monitored by weighing

the subjects individual bottle (Figure 14) prior to

and following each rest period, with the difference
representing fluid consumption during the rest period.

Subjects were weighed prior to and following toilet
breaks (if required) to determine urine/faecal output.

Sweat Rate (L.h-1) =
(Dehydration + Fluid Consumption —
Urine and Faecal Output) / Time

Where dehydration, fluid consumption and urine and
faecal output are expressed in kg. It was assumed
that one kg was equivalent to one litre of fluid.

Time is reported in hours.

Figure 14. Individual drink bottles.

Image courtesy of Joe Stenhouse
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2.3.8. Perceptual Measures

Subjective thermal sensation was recorded using the
modified numeric and descriptive scales of Gagge et
al,, developed in 1967. Participants were asked ‘How
does your body temperature feel?’, with a numerical
rating of 7 corresponding with the descriptor ‘neutral’
(Appendix 7.2.). Ratings of 1-6 equate to unbearably
cold to slightly cool, while 8-13 correspond with
slightly warm to unbearably hot.

2.3.9. Data Collection Logistics

Safety was a primary consideration of this study,
with safety officers present to assist with applying
and removing turnout gear and breathing apparatus
(Figure 15), and supervising the exercise at all stages.
There was at least 1 fire fighter per 34 participants
during the active phase of the exercise, plus another
‘floating’ fire fighter who supervised all the active
participants. There were also at least 2-3 fire fighters
per cooling station, and a ‘floating’ fire fighter
supervising the cooling area. There were several
doctors present at each study, including Emergency
Department (ED) residents, ED registrars and an ED
consultant, and a Thomas pack was available in case
any treatment was required. All of the fire fighters
and doctors were working voluntarily.

In addition, there were multiple volunteers involved
in recording observations on participants at the
cooling stations. There was one volunteer per 2—-3
participants at each cooling station measuring heart
rates, blood pressures, tympanic temperatures,
thermal sensation scores and thermal discomfort
scores. These volunteers included doctors, nurses,
medical students and physiotherapists.

At all times there were 2 volunteers measuring

and recording core temperature readings on the
participants in the active phase of the exercise,

and 2 volunteers conducting core temperature
measurements on those in the cooling stations.
These volunteers included exercise physiologists
from the NT Institute of Sport, and nurses. There was
also an exercise physiologist in charge of preparing,
administering and measuring the carbohydrate,
electrolyte beverage and/or water for all participants,
in addition to preparing and administering the
crushed ice drinks for cohort 4 at their cooling
station. Additionally, the Fire Station Manager and an
Emergency Physician oversaw the entire operation.
This resulted in a total of at least 30 volunteers
helping on each study day.

At the completion of the study the participants’
final weight was measured and recorded, a post
study urine sample was collected, and calculated
the quantity of fluid consumed. Participants filled
in a post-exercise survey on how they felt at the
completion of the study, as well as how practical
they found the experimental cooling methods
(Appendix 7.3.).

2.3.10. Environmental Conditions

On each of the 4 study days environmental data
(ambient temperature, apparent temperature, wet
bulb temperature and globe temperature) was
acquired from the Bureau of Meteorology Darwin
Airport Weather Station (station number 014015)
as calculated according to the WBGT equation
(www.bom.gov.au). The weather station was 4.8km
from the Stuart Park Fire Station. Environmental
measurements were documented every 30 minutes
during the period from 1200-1530 when the study
was conducted.

WBGT = (0.7 x Tnwb) + (0.2 x Tg) + (0.1 x Ta)

Where Tnwb = natural wet bulb temperature
(represents integrated effects of humidity, radiation
+wind); Tg = black globe temperature (represents
integrated effects of radiation + wind); Ta = ambient
temperature

Figure 15. Fire fighters preparing to re-enter the work scene.




3. Results and Discussion

3.1. Study Completion

Technical limitations and individual differences in
gastric motility limited the core temperature cohort
to 45 subjects (10 shade; 11 ice ingestion; 13 water
bath; 11 misting fan). The subject characteristics

of the 45 subjects are detailed by Table 6. The 15
excluded subjects were deemed to have the pill
located in the stomach (13) by demonstrating core
temperatures <35.5°C and/or a 2°C decrease within
a 5 minute period or had voluntarily withdrawn from
the investigation due to feeling unwell (2). Both
subjects were examined by medical staff, had normal
observations and were medically cleared.

The dependant variable core temperature and its
potential surrogate markers (heart rate, mean arterial
pressure, thermal sensation) were therefore limited
to the 45 subjects with valid core temperature

data. The 13 subjects with invalid core temperature
data were included in the analysis of fluid balance
variables, resulting in a cohort of 58 subjects.

Table 6. Subject Characteristics. Data are Mean (SD)
Cohort n BMI Mass (kg) Height (m) Age (yrs) Time in NT (yrs)
Shade 85.8(10.3) 1.77 (0.03) 37.6(5.0) 24.2 (13.4)

Ice Ingestion 85.3 (8.3) 1.77 (0.05) 35.0(6.3) 14.5(12.6)

Water Immersion 88.5(7.8) 1.79 (0.04) 38.9(7.2) 25.5(12.6)

Misting Fan 93.0(9.1) 1.80 (0.06) 36.7 (5.4) 22.1(13.9)
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KEY POINT Relatively mild environmental
conditions were encountered during this
investigation. The conditions responses during

the rest phase, but likely to have had less
influence on the responses during the work
phase.

Environmental conditions varied across the 4 data
collection days with days 3 and 4 occurring during
the early stages of the dry season.

Overall the environmental conditions experienced
during the study are considered to be milder than
typical wet-season conditions, due to the moderate
conditions experienced during days 1, 3 and 4
(Table 7). Mean maximal daily temperature for

April and May during 2008 — 2010 were 33.1 and
32.5°C, respectively, well above the mean ambient
temperatures for days 3 and 4 of this investigation.
Therefore, the data of this investigation are
considered conservative responses for a tropical
environment. This also means results from this study
could be applicable to all Australian states at the
height of the southern fire season, or during combat
of fires during the summer months.

Table 7. Environmental Conditions during Data Collection for WBGT calculation see 2.3.10.

Environmental Variable (°C) Day 1 Day 2 Day 3 Day 4 Overall

Mean Ambient Temperature 27.0 32.2 30.8 28.6 29.5(2.3)
Mean Apparent Temperature 28.8 31.9 28.6 239 28.6 (3.0)
Mean WBGT 31.5 31.8 28.5 24.1 29.4(3.2)
Ambient Temperature Range 255-279 31.5-326 30.0-31.6 27.5-29.4 25.5-32.6
Apparent Temperature Range 26.4-30.5 31.3-325 26.2-303 22.6-245 226-325
WBGT Range 30.1-32.1 31.3-32.6 25.1-29.9 23.4-24.5 23.4-32.6




3.3. Gastrointestinal
Temperature

KEY POINT 25°C water immersion was more
effective in lowering core temperature than

resting in the shade, resting in front of a
misting fan or ingestion of crushed ice.

Pre-exercise core temperature averaged 37.4°C and
rose 1.1°C to average 38.5°C following the initial
work phase, with 5 participants exceeding a core
temperature of 39.0°C.

Mean core temperature of the water immersion
group decreased to average pre-exercise readings,
whereas the shade, crushed ice and misting fan
groups averaged 0.3-0.4°C above rest at cessation of
the initial cooling bout. A similar pattern continued
throughout the exercise, with the water immersion
cohort demonstrating lower mean core temperature
following the 2nd work phase (0.5-0.7°C), 2nd
cooling phase (0.3-0.6°C) and final work bout
(0.3-0.4°C) than the other groups (Figure 16).

For a larger version of Figure 16, see Appendix 7.4.

We anticipated a cumulative increase in core
temperature from exercise phase 1 through 3.
However, this core temperature 'drift’ failed to
eventuate, likely due to pacing by the fire fighters

in response to their physiological cues. Unlike
laboratory investigations that standardise workload
(generally done on a treadmill), this was a field study,
where work rates could not be precisely controlled
as per the lab. To overcome this, each work station
had a minimum of one fire fighter supervising and
encouraging the participants to complete their

task and a research team member timed each
workstation bout to 10 minutes. Despite these
control mechanisms, it's probable that the shade,
ice ingestion and misting fan cohorts paced their
efforts. Anecdotal reports from the research team
suggested a notable decrease in work output across
the exercise phases, which is not surprising given
that standard Operational procedure No. 045 of the
NT Fire and Rescue Service (1995) recommends that
fire fighters behave sensibly to minimise heat stress,
including sensible work pacing. Participants in the
water immersion group describe feeling energetic
and less fatigued compared to colleagues in other
cooling groups. Pacing is common in sporting
scenarios where work output in the 2nd half of a
sporting fixture is lower than in the 1st (Coutts et al.,
2010; Ozglinen et al,, 2010).

Figure 16. Response of gastrointestinal temperature to the respective phases of exercise and cooling.
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The phenomenon of pacing should not be under-
estimated. Work output improvements, were not
specifically tested in this study, but anecdotally
reported by numerous candidates in the water
immersion group. A fire-fighting workforce better
able to sustain high work outputs without being
limited by "pacing” would ensure a more effective
rescue and less time over-all exposed to heat and
other dangers in the fire zone. This benefit can be
considered as a secondary "output” gain as well as
a safer work environment.

The work phases were simulated tasks. It's
foreseeable that the participants would tolerate
greater thermal stress prior to regulating work rate

if the situation was a genuine emergency response.
An alternative explanation is that the onset of fatigue
limited the ability of the fire fighters to continue their
task at similar rate to the initial work bout.

This notion appears remote based upon the observed
physiological responses. While uncompensable
conditions appear to interact with physical activity

to lower core temperature at fatigue, the mean core
temperatures of this study do not suggest the fire
fighters were approaching exhaustion.

Based upon the core temperature response to the
3 work and rest phases, the most effective cooling
mode was the 25°C water immersion. Specific
discussion of each cooling are explained in the
following sections.

3.3.1. Shade

KEY POINT 30 minutes of resting in the shade

in warm/hot tropical conditions decreases core
temperature by ~0.6°C.

The shade cohort acted as the control group for this
investigation. Subjects removed their turnout coat
to rest in t-shirt and over trousers as per current
practice to lower core temperature by a consistent
0.62,0.61 and 0.66°C across the 3 rest phases
(Figure 17). As represented by 3% in Figure 17, 10
minutes of resting in the shade failed to lower core
temperature as metabolic heat production remains
elevated following the preceding work phase and
heat from the deep tissues requires

The 0.6°C decrease achieved by resting in the shade
was insufficient to offset the heat storage during

the initial work phase. As discussed in Section 3.3,
we hypothesise that pacing prevented a cumulative
increase in peak core temperature across the work
phases. Extrapolating the heat storage observed
during the initial work phase predicts that fire
fighters would achieve average core temperatures of
38.5 to 39.0°C at the cessation of the 2" work phase,
warranting more aggressive cooling strategies to
extend fire fighter response time beyond 2 rotations
and limit pacing as a heat storage management
strategy.

Figure 17. Shade cohort’s gastrointestinal temperature response to the respective phases of exercise and cooling. < note the steady core
temperature during the initial 10 minutes of cooling during the 1 and 2" rest phases.

1.4

1.2

'
1

~
,

1.0

0.8

0.6

0.4

0.2

0.0+—=*

']
1

~
,

Change in Gastrointestinal Temperature from Rest (°C)

Rest 10 20 30 40 50 60 70

80 90 100 110 120 130 140 150 160 170

Time (minutes)

180



3.3.2.Ice Ingestion

KEY POINT Fire fighters struggled to consume
required volume (7.5mL.kg* body mass) of

crushed ice. The cooling effect of the crushed
ice was not sustained during work periods.

Based upon the promising results observed when
athletes consumed crushed ice prior to competition
(Seigel et al., 2010, see Section 1.4.5.), we
anticipated that fire fighters would rapidly lower their
core temperature following crushed ice ingestion. An
unforeseen issue was the inability of the fire fighters
to consume the required 7.5mL per kg body mass in
a rapid manner. Based upon the average body mass
of the ice ingestion cohort, 0.64L was to be ingested.
Anecdotal feedback from the fire fighters was that
they struggled to consume the allotted volume,
causing some of the ice to melt prior to consumption.
The most common reasons for failing to ingest the
ice prior to melting was an “ice-cream headache”.
Overall fluid consumption for the ice ingestion group
was lowest of all cohorts for each of the three cooling
periods. A recent presentation of data from the only
other investigation to examine crushed ice ingestion
in an occupational setting showed that miners
consumed 34% less crushed ice when compared to
cold fluids (Méte et al,, 2010). In that study, despite
the lower ice consumption, core temperature was

not different between the groups due to the cooling
power of the ice. Conversely, we don't see the
expected improvement in core temperature for the
ice ingestion cohort when referenced to the

other groups.

Table 8. The decrease in core temperature during the rest phase.

Shade 0.62 0.61 0.66
Ice Ingestion 0.98 0.76 0.70
Water Immersion 1.05 0.45 0.32
Misting Fan 0.68 0.57 0.61

The crushed ice assisted in lowering core
temperature by an average 0.98°C (Figure 18), similar
to that of the water bath (1.05°C) and better than

the shade group (0.62°C) as represented by Table 8.
Unfortunately, the cooling wasn't sustained as the
crushed ice group stored more heat than the other
cohorts in the subsequent work phases by 0.2-0.4°C.
The most interesting finding for the ice ingestion
group was that despite doing similar work, the ice
ingestion group averaged a higher core temperature
than the other groups at the end of the initial work
phase by 0.2-0.3°C. A similar pattern continued
throughout the work phases, such that despite a
similar core temperature upon commencing the

2" and 3 work phases between the ice ingestion,
shade and misting fan cohorts, the ice ingestion
group had higher core temperatures. Until additional
research is available, we are unable to account for
this response.

Figure 18. Ice Ingestion cohort’s gastrointestinal temperature response to the respective phases of exercise and cooling.
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The crushed ice was effective in lowering core
temperature during the initial rest phase as detailed
in Table 9, achieving an 81%reduction in peak core
temperature, however the cooling effect was not
sustained. Based upon the sport science studies,

ice ingestion is a powerful cooling technique that
requires tailoring to meet the needs of fire fighters.
Whereas athletes are accustomed to consuming
large volumes, it's likely that fire fighters will require
time to develop the capacity to ingest an adequate
volume of crushed ice to make a meaningful
improvement to their core temperature that can

be sustained throughout work in uncompensable
conditions. Use of cool fluids (Burdon et al., 2010)
or crushed ice should not be discounted as a

useful adjunct to be administered along with

other cooling methods.

Table 9. Percentage decrease in core temperature during cooling
phase.

Shade 65
Ice Ingestion 81
Water Immersion 100
Misting Fan 64

3.3.3. Misting Fan

KEY POINT The misting fan lacked the overall

cooling power of water immersion.

Figure 19 demonstrates that the misting fan lowered
core temperature in a similar manner to resting in
the shade, and is therefore considered not effective
in the manner used during this study (high volume
misting and high velocity fans). For misting fans to
have a meaningful impact, the evaporative potential
for sweat should be improved. It appears in this
investigation that the combination of air and water
flow could have been too high, therefore limiting
sweat rate due to cool skin temperatures, as several
subjects reported feeling uncomfortably cold during

their exposure and required a break from the cooling.

Furthermore, the decrease in core temperature
during the initial 10 minutes of the 2" work bout
suggests that the cooled skin and subcutaneous
tissues acted as heat sinks upon rewarming (denoted
by %< in Figure 19). On the commencement of the
work bouts following cooling, increased blood flow
through the cooled limbs would result in cooling of
the blood and ultimately the core via counter current
(blood to blood), convective (blood to tissue) and
conductive mechanisms (tissue to tissue) (Mittleman
and Mekjavic, 1988), a phenomenon termed the
‘afterdrop’.

Figure 19. Misting Fan cohort’s gastrointestinal temperature response to the respective phases of exercise and cooling. < note the small

core temperature afterdrop following the 1% rest phase.
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Afterdrops are usually observed following water
immersion bouts rather than for exposure to misting
fans, reinforcing the cooling of the limbs. Because
the afterdrop was observed in our misting fan group,
we postulate vasoconstriction, lack of sweating and
shunting of blood away from chilled skin may have
actively limited the heat loss of these individuals.
Given that the fire fighters attire was already
saturated with sweat from the work bout, sufficient
cooling may have occurred by use of a fan without
the misting. Evaporative cooling by a high speed fan
remains an option. Additional trials can address the
need for misting and the required volume of water
and air velocity.

3.3.4. Water Immersion

KEY POINT 25°C water immersion was the

most effective cooling method.

The primary limitation of water immersion cooling in
the field has been logistical, providing the rationale
for use of alternative cooling methods that require
minimal setup and monitoring. However the cooling
power of water immersion has prompted sport
scientists to re-evaluate the practicality of field water
immersion and subsequently utilise this method
prior to and during half-time periods of international
sporting competitions, including those conducted

in Beijing, China (personal observations). Hence,

the logistical issues can be managed to make water
immersion a suitable method for high pressure
scenarios such as Olympic competition, where space
and resources are limited.

This study utilised 25°C water and a purpose built
portable pool to improve its utility in the field.

The authors have previously used small inflatable
swimming pools, and recommend their use where
purpose built equipment is not available. Mains
water in the greater Darwin region can vary between
24-30°C depending upon the season, meaning

that minimal ice is required to achieve desired
temperature.

Figure 20. Water immersion cohort’s gastrointestinal temperature response to the respective phases of exercise and cooling. < note the
core temperature afterdrop following the 1 rest phase. ® denotes depressed peak core temperature during the 2" and 3 work phases.
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3. Results and Discussion

The core temperature results support the use of
water immersion for fire fighters during rest periods
in tropical conditions. Figure 20 demonstrates that
30 minutes of immersion returned core temperature
to resting levels, with core temperature continuing to
fall during the initial 10 minutes of work periods

2 and 3, respectively. As for the misting fan cohort, an
afterdrop was observed that limited the increase in
core temperature during the 2" and 3 work phases
to ~0.4°C (represented by v¢ in Figure 20). Such heat
storage meant that the average core temperature of
the water immersion group did not exceed 37.8°C
during the 2" and 3 work phases (represented

by @ in Figure 20). Such a response exceeded the
expectations of the research team and provides
scope to shorten the water immersion protocol.

The objective of any rest period for fire fighters is

to improve their physiological and perceptual well
being and extend their response to and work output
during an incident. Shorter rest periods would permit
a greater work time, with the following section
discussing optimal work to rest periods based upon
the water immersion results.

KEY POINT 30 minute work rotations followed
by 15 minutes of 25°C water immersion will

substantially extend the work time required to
increase core temperature by 1.5°C.

Heat storage of 1.5°C while in uncompensable
conditions is considered to have a significant
physiological impact on a fire fighter. Therefore, a
core temperature increase of 1.5°C was used as
criteria to assess variations to the 30 minutes of work
and 30 minutes of rest used by this investigation. We
specifically examined the cooling rates following the
initial work bout to model the impact of shortening
the rest period to 10, 15 and 20 minutes (Table 10).

The analysis predicts repeated bouts of 30 minutes
work to 10 minutes of cooling (30:10) would be
insufficient for fire fighters to finish 2 work bouts if
shade, ice ingestion or a misting fan were used as
cooling modes (14.1 to 28.8 minutes into second
work bout). Conversely, fire fighters would extend
their response time to ~21 minutes into a third work
bout if 10 minutes of 25°C water immersion was
utilised during rest periods.

A similar trend was observed for 30 minutes of
work followed by 15 minutes of cooling (30:15).
Water immersion is predicted to permit fire fighters
to almost complete 4 work bouts (161.4 minutes)
whereas ice ingestion, shade and misting fan groups
would complete 2 complete work bouts.

KEY POINT In scenarios where resting in the

shade is the recovery mode, a maximum of two
30 minute rotations is recommended.

A 30:20 work to rest ratio further extends the
number of work bouts completed where 25°C
water immersion is undertaken to approximately
11. It should be noted that these predictions are
conservative, with any afterdrop not properly
accounted for. Hence, time to reach the threshold
temperature is likely to be slightly longer than
reported here.

The modelling suggests that 15-20 minutes

of 25°C water immersion as a replacement for
resting in the shade will substantially extend
response time in the tropical conditions studied.
Given that removal and replacement of protective
equipment prior to and following the water bath
is expected to take ~5 minutes, 20 minutes of
rest, incorporating 15 minutes of 25°C water
immersion is recommended as the appropriate
combination of cooling and practicality for

NT fire fighter management.

Table 10. Time (minutes) to increase gastrointestinal temperature 1.5°C above pre-test value based upon the initial 30 minutes of work

and 10, 15 or 20 minutes of cooling.

Cohort Minutes of Cooling

10 15 20
Shade 62.5 96.4 141.5
Ice Ingestion 54.1 84.8 125.0
Water Immersion 101.3 161.4 541.7
Misting Fan 68.8 107.6 120.5




3.5. Surrogate Markers of Core
Temperature

Surrogate markers of core temperature would be
useful to those observing and treating fire fighters

in rehab or rest areas during a major incident.
Physiological or perceptual values or scores that
correlated exactly with core temperature were
sought, to allow non-invasive testing to accurately
estimate core temperature. Results and discussion on
each marker are outlined in the following section.

3.5.1. Tympanic Temperature

KEY POINT Tympanic temperature should
not be used to measure or predict core

temperature of fire fighters responding to an
incident.

The cost effectiveness, ease of measurement

and relatively non-invasive nature of tympanic
temperature measurement promote this site as

an alternative to measurement of fire fighters
gastrointestinal temperature. While some laboratory
settings provide an environment where adequate
accuracy for tympanic temperature can be achieved
(Amoateng-Adjepong et al,, 1999; Christensen and
Boysen, 2002), tympanic temperature averaged
1.3°C below gastrointestinal temperature in the
current study.

On 17 occasions tympanic temperature was
measured below 34°C, highlighting its potential

to provide a misleading approximation of core
temperature. A major limitation of tympanic
temperature is that any factor that alters temperature
of the face can locally influence temperature of the
ear canal (Desruelle and Candas, 2000). The use of
tympanic probes (Sato et al,, 1996) and insulation of
the ear (Muir et al., 2001) could limit these issues,
however the requirement for exact positioning,
irritability of the ear canal and a decreased ability to
detect aural cues mean that tympanic probes are not
practical for management of fire fighters during an
incident.

As demonstrated by Figure 21, the correlation
between tympanic and gastrointestinal temperature
is weak (r = 0.31), with many outliers, meaning that
tympanic temperature cannot be used as a simple
predictor of core temperature. Gastrointestinal
temperature averaged 1.3°C higher than tympanic
temperature with only 12 of the 293 readings
reporting tympanic temperature higher than that
measured from the gastrointestinal tract. Extreme
examples include gastrointestinal temperatures

of 39.4°C, 37.9°C and 37.6°C with corresponding
tympanic temperatures of 33.3°C, 33.2°C and
32.3°C, respectively. The USA National Fire
Protection Association (NFPA) recognise the
limitations of tympanic temperature for management
of fire fighters, with standard 1584 stating tympanic
temperature can be up to 1.1°C lower than core
temperature, and cannot be relied upon to exclude
the possibility of heat related issues.

Figure 21. Scatterplot of gastrointestinal temperature and tympanic temperature during the cooling phases (n=293 observations)
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3.5.2. Heart Rate

KEY POINT Rather than predicting core
temperature for a given heart rate, fire fighters

are recommended to achieve a heart rate of
less than 120 beats.min-1 prior to incident
re-entry.

Figure 22 demonstrates a moderate correlation
between core temperature and heart rate (r=0.48).
The correlation did not improve by limiting the data
to the mid and end point of cooling. We sought a
simple estimation of core temperature that could be
utilised in the field. While models exist, they require
multiple inputs and are considered cumbersome
due to their complexity (Yokata et al., 2008). With
large numbers of outliers, heart rate on its own is
considered insufficient to be relied upon as a simple
surrogate marker for core temperature. As opposed
to a discrete heart rate representing a corresponding
core temperature, a threshold heart rate is more
appropriate to determine whether fire fighters ought
to re-enter an incident.

NFPA 1584 states that a fire fighter who has not
achieved a heart rate less than 100 beats per minute
following 20 minutes of rest should not be released
from rehabilitation, and undergo further monitoring.
Such a standard would have ruled out the re-entry of
17 (37%) participants of the current study based on
the heart rate measured at 25 minutes of the initial

cooling phase (Table 11). The average gastrointestinal
temperature of those ‘excluded’ subjects was 37.8°C,

a mere 0.4°C above resting values, and none could
have been considered fatigued or feeling unwell.

Table 11. Number of fire fighters with a heart rate of greater than
100 beats per minute during the initial cooling phase

Shade 6
Ice Ingestion 6
Water Immersion 3
Misting Fan 2
Total 17

The NFPA 1584 standard may be too conservative to
manage the response of fire fighters in the Northern
Territory. Altering the exclusion threshold modifies
the number of fire fighters re-entering the incident
according to Table 12.

Table 12. Number of fire fighters prevented from re-entering the
incident following the initial cooling phase with a range of heart
rate thresholds

100 17
110 5
120 1
130 1
140 0

Figure 22. Scatterplot of gastrointestinal temperature and heart rate during the cooling phases (n=433 observations)
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Five subjects exceeded a heart rate of 110
approaching the end of the cooling periods,
averaging a corresponding gastrointestinal
temperature of 38.0°C. Adjusting the heart rate
threshold to 120 beats per minute reveals that

one subject exceeded this limit, also with a core
temperature of 38.0°C. This same candidate also
exceeded the 130 beats per minute threshold at the
end of the initial work phase and therefore appears
twice in Table 12. None of the aforementioned
subjects demonstrated symptoms of EHI and were
deemed fit to continue. Acknowledging that a
single criterion is unlikely to substitute for core
temperature and based upon the observations of
this investigation, we recommend that Northern
Territory Fire Fighters achieve a heart rate of less

than 120 beats per minute prior to incident re-entry.

Figure 23. Response of heart rate during the cooling phases
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3.5.3. Differences between the
Cooling Modes

As evidenced by Figure 23, the misting fan and
water immersion cohort heart rates were lower than
the shade and ice ingestion groups. The misting fan
and the water bath are considered to have lowered
skin temperature that would decrease cutaneous
blood flow (Pergola et al., 1993), requiring a smaller
proportion of blood to be diverted to the skin for
cooling. In turn, a lower heart rate is required to
satisfy blood demand for cooling and perfusion.
Peripheral vasoconstriction in the misting fan group
was thought to limit the effectiveness of the cooling
method in this study. Similar heart rate values
despite a different core temperature response
highlights the fact that heart rate alone cannot be
used as a sole surrogate marker of core temperature
change. The core cooling conferred by water
immersion is likely to have also exerted a direct
influence on heart rate due to cooler blood perfusing
the heart of ~5 beats per minute (Jose et al., 1970;
Rubin, 1987).
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The influence of temperate water immersion

is demonstrated by Figure 24, with heart rate
lower at the start, 15" and 25™ minute of the
second cooling phase compared to the shade
group. A comparison of the Figure 24 shows a
wider spread of individual heart rate responses
and a generally elevated heart rate in the shade
cohort. Note the plateauing of heart rate between
15 and 25 minutes for the shade cohort despite
the core temperature drop shown in Figure 20.

Figure 24. Response of heart rate for shade (A) and water immersion (o) cohorts during the second cooling phase
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The low r value (0.12) of Figure 25 infers that

mean arterial pressure has a poor correlation

with gastrointestinal temperature. For example,
candidates with a core temp of 35.9°C had a mean
arterial pressure of 131.5mmHg, while others with

a temperature of 38.7°C had mean arterial pressures
ranging from 73.4 to 147.1mmHg.

Figure 25. Scatterplot of gastrointestinal temperature and mean arterial pressure during the cooling phases (n=421 observations)
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Comparing the three graphs of Figure 26
representing the respective diastolic, systolic

and mean arterial blood pressures highlights

blood pressure as not useful in monitoring core
temperature. It is not considered a good surrogate
marker, nor is it considered useful to check in the
rehabilitation monitoring of fire fighters as a routine.
It should still be used for normal medical assessment
of fire fighters who are injured or require medical
attention for collapse from any cause. Physiological
homeostasis of blood pressure is well controlled,
and we expect blood pressure to remain relatively
constant over long periods due to compensatory
mechanisms of vasoconstriction or dilation, and
increased or decreased heart rates and heart

stroke volume.

Figure 26. Response of systolic, diastolic and mean arterial pressure to the three cooling phases
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3.5.5. Thermal Sensation

KEY POINT Thermal sensation of very hot

and very, very hot was associated with a core

temperature of 38.5°C.

The thermal sensation response to cooling was
characterised by either a rapid (water immersion;

Thermal sensation was similar across all groups

at the cessation of the work phases, attaining

ratings of warm to hot (Figure 27.). This occurred
despite differing core temperatures and varied
environmental conditions on different days and is
likely due to the similar microclimate within the
protective clothing amongst the cohorts, resulting in
high skin temperatures. Whereas core temperature is
the key physiological variable determining sweating
and skin blood flow responses to physical activity
(Wyss et al., 1974), thermal sensation is derived with
approximately equal input from core and peripheral
temperature receptors (Frank et al,, 1999), hence skin
temperature plays a major role in determining a fire

fighters thermal comfort.

Figure 27. Response of thermal sensation throughout the cooling phases
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3.5.5.1 Shade and Ice Ingestion

Thermal strain was perceived as hot following
each work period improving to attain a slightly
warm rating 20 minutes into the cooling phase for
the shade (Figure 28) and ice ingestion (Figure 29)
cohorts. We anticipated a steeper improvement in
thermal sensation during the initial 10 minutes of
ice ingestion, based upon the results attained by
athletes (lhsan et al,, 2010; Siegel et al., 2010, Ross
etal, 2010) in a rested state. As denoted previously,
the ice ingestion cohort's inability to consume the
required volume of ice in a timely manner limited
the cooling effect.

Figure 28. Shade cohort’s perception of thermal sensation throughout the cooling phases
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Figure 29. Ice ingestion cohort’s perception of thermal sensation throughout the cooling phases
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3.5.5.2. Water Immersion and Misting Fan
Figure 30. Water immersion cohort’s perception of thermal sensation throughout the cooling phases

12

10 K Hot
.E 8 .\ \ Slightly Warm
=}
3 \ \
§ 6 Slightly Cool
o \\_’./.
E \/F—' —
2 4 o
™
5 Extremely Cold
0

30 40 50 60 90 100 110 120 150

Time (minutes)

Ten minutes of water immersion was sufficient to
attain an improvement of thermal sensation from
hot to cool during each of the 3 cooling phases
(Figure 30). The plateau of thermal sensation
observed during the final 20 minutes of each
cooling bout was expected, given that skin
temperature is clamped at or near water temperature
(25°C) during the immersion period. The perceptual
results from the water bath are considered ideal

as subjects felt cool at each measurement point
with many positive comments. District Officer Rob
Trewartha commented 'the rehab ice bath quickly
renewed my energy level and the ability to remain
focused. The third consecutive drill in BA was easier
than the first'.

Immersion in 25°C waster was insufficient to attain
ratings of cold, thereby limiting the likelihood of
shivering.



Figure 31. Misting Fan cohort’s perception of thermal sensation throughout the cooling phases
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The misting fan produced a rapid alteration of
thermal sensation from hot/very hot to cool at

10 minutes and to cold after 20 minutes (Figure

31). Thereafter, thermal sensation improved to

attain a rating of cool/slightly cool. The degree of
the thermal sensation response was not anticipated
and caused many participants to cease cooling or to
take a break from cooling. Unfortunately, the thermal
sensation response did not translate into a beneficial
core temperature decrease compared to the shade
cohort. As discussed in 3.3.3., a cool periphery results
in similar thermal sensation pattern as the water
immersion group, without the core temperature
decrease (due to peripheral vasoconstriction as
noted on page 29). This highlights the disparity
between thermal sensation and core temperature
when subjects experience intense peripheral
cooling via methods that lack overall cooling
capacity (including ice jackets). Therefore, feedback
from fire fighters cannot be relied upon under such
circumstances to manage their exposure times
during an incident.
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3.5.6. Prediction of Core Temperature

Figure 32. Scatterplot of gastrointestinal temperature and thermal sensation during the cooling phases (n=508 observations)
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Figure 32 depicts the moderate correlation

between gastrointestinal te

mperature and thermal

sensation, a slightly weaker relationship than
observed for heart rate (Section 3.5.2.). The value

of thermal sensation as the

simple surrogate for

gastrointestinal temperature is therefore limited to
stratifying thermal sensation with corresponding
core temperatures (Table 13). The 42 occasions that

thermal sensation was very
occurred immediately after

hot or very, very hot
the work period (36) or

10 minutes into the cooling period (6) coincided
with an average gastrointestinal temperature of
38.5°C. We recommend that NT Fire Fighters rate
their thermal sensation prior to re-entry with those
fire fighters rating very hot or above to continue their
recovery with appropriate monitoring.

Table 13. Distribution of thermal sensation and equivalent core temperatures. Data are mean (SD)

<7 (Neutral or Less)
7-8 (Neutral - Slightly Warm)
9-10 (Warm - Hot)

>10 (Very Hot or Above)

37.7 (0.5) 210
38.0(0.6) 136
38.1(0.6) 119
38.5(0.5) 42

Fire Fighter Cooling in Tropical Field Conditions



3.5.7. Surrogate Markers of Core
Temperature Summary

The following checklist summarises the surrogate
marker recommendations of this report. Tympanic
temperature and blood pressure are not suitable
substitutes for core temperature while heart rate
and thermal sensation can be used in conjunction
to manage fire fighters during an incident according
to Table 14.

Table 14. Summary of the surrogate markers for core temperature

PHYSIOLOGICAL VARIABLE USE CRITERIA

Tympanic Temperature
Blood Pressure
Heart Rate

Exclude if >120 beats.min*

Thermal Sensation Exclude if > 10 (Very Hot or above)

N N\ X X

3.6. Fluid Balance

3.6.1. Fluid Consumption

KEY POINT Fluid consumption cannot be

relied upon as the sole indicator of, or remedy
to counteract heat storage.

Average fluid consumption was similar among the
shade, water immersion and misting fan cohorts
during each of the 3 cooling phases, ranging
between 0.92 and 1.10 litres (Figure 33). While the
crushed ice group ingested a similar volume during
the initial cooling phase (0.89 litres), thereafter a
substantial decrease was observed with 0.80 and
0.66 litres consumed during the second and third
cooling periods respectively. Overall, total mean
fluid consumption for the shade, ice ingestion, water
immersion and misting fan cohorts was 3.06; 2.35;
2.91; 2.83 litres (1.02; 0.78; 0.97; 0.94 litres per hour)
respectively. The similar fluid consumption between
the shade, water immersion and misting fan groups
occurred irrespective of the differences in core
temperature, highlighting that fluid consumption
cannot be relied upon as the sole indicator of, or
remedy to counteract heat storage.
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Figure 33. Mean fluid consumption during the three rest phases referenced against sweat rate. Error bars represent SD.
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Excluding the ice ingestion cohort, the observed
fluid intake rates are considered high bearing in
mind that the fire fighters had slightly less than 30
minutes of each hour to drink, establishing that on
average NT fire fighters can consume ~1L per hour
with an equal work to rest ration. The provision of
individual 1.5L drink bottles containing the fire
fighters choice of fluid at the start of each cooling
phase is a factor that could have contributed to

the high rate of fluid consumption, as palatability
improves beverage ingestion (Maughan et al., 1997)
while hindering access to fluids has the opposite
effect (Bergeron et al,, 1995; Broad et al,, 1996). It's
intuitive to expect fluid consumption to decrease if
the recommended 30 minutes of work to 20 minutes
of rest is adopted, as time to available to drink would
diminish by 33%. We also expect fluid consumption
to decrease if fire fighters are not given ready access
to fluids during breaks.

3.6.2. Sweat Rate

KEY POINT 30 minutes of 25°C water

immersion limited sweat rate to 0.65 litres per
hour, 33% lower than the shade cohort.

Figure 30 summarises the average sweat rates of
the respective cohorts referenced against fluid
consumption of each rest period. Temperate water
immersion resulted in the lowest sweat rate of
0.65L.h™, 33.4% below the shade cohort’s sweat rate
of 0.98L.h*. A depressed sweat rate is commonly
observed following temperate water immersion
(Brearley and Finn, 2006; Kay et al., 1999; Wilson et
al, 2002) with the lower core and skin temperatures
probably delaying the onset of sweating once
turnout gear was applied, as opposed to altering
the core temperature at which sweating commences
(White et al,, 2003; Wilson et al,, 2002).
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As previously discussed, the misting fan would

have lowered skin temperature to mediate a local
reduction of sweat rate. The 19.4% decrease of
sweat rate with ice ingestion is greater than the
7.9% decrease reported by Siegel et al. (2010)
where subjects sustained exercise for longer and
tolerating a higher core temperature than subjects
ingesting 4°C fluids. It should be noted that sweat
rates can vary greatly depending upon the duties
and environmental conditions in which they are
performed. An example is provided by Hendrie et al.
(1997) where average sweat rates ranged from 0.19
to 1.14L.h* for fire fighters in the field. We imposed
the additional variable of cooling mode, such that
the reported sweat rates are the product of HAZMAT
containment, salvage operations, confined space
operations, warm tropical conditions and cooling.
Sweat rates for specific fire fighter duties in tropical
field conditions remain to be quantified.

3.6.3. Dehydration

KEY POINT Abbreviating recovery time is
likely to promote dehydration, especially
where combined with limited access to fluids.

With average fluid consumption of 0.97L.h*
compared to an average sweat rate of 0.65L.h%,
the water immersion cohort replaced 149% of
sweat losses and gained ~1.0% body mass during
the exercise, with a ~0.8% gain for misting fan

and ~0.1% gain for the shade group (Table 13).
Replacing 149% of sweat losses during physical
activity is not common, with most investigations of
athletes, fire fighters and soldiers reporting fluid
consumption equates to 60-70% of sweat losses
(Hendrie et al., 1997; Greenleaf, 1992; Nolte et al.,
2010). Even the control group of this investigation
that sat in the shade during rest periods prevented
dehydration, precisely matching their sweat rate



with ad libitum fluid consumption. The explanation
for body mass gain of the cooling cohorts of this
investigation is likely the culmination of lower sweat
rates as a result of cooling; ready access to fluids

of choice; the subjects’ physical training and work
experience in tropical conditions; and the hydration
status upon commencement of the study. Overall
the fire fighters did well to negate dehydration as a
primary factor contributing to physiological strain,
with the modest body mass gain observed for the ice
ingestion, water immersion and misting fan cohorts
unlikely to have mediated any benefit for the fire
fighters (McLellan et al,, 1999b; Dugas et al,, 20009).
The lack of a meaningful correlation between peak
core temperature and dehydration (r=0.18) supports
the notion that dehydration was not the primary
determinant of heat storage in this study (Nolte et
al, 2010), rather a factor that was mitigated by the
hydration practices of all groups.

KEY POINT Fire fighters need to limit body

mass losses to less than 2% body mass.

The threshold of ~2% body mass loss exists for
endurance performance in compensable conditions
and while such a threshold has not been stringently
examined in uncompensable environments, 2.5%
dehydration results in premature exhaustion
regardless of work intensity and is detrimental to
physiological responses at low work rates (Cheung
and McLellan, 1998). Therefore, we recommend that
fire fighters minimise body mass losses to less than
2% body mass.

Table 15. Change in Body Mass during the Protocol. Data are Mean (SD).

3.6.4. Hydration Status

The lower fluid consumption of the crushed ice group
coincided with the largest change in the pre and

post USG values (1.014 to 1.024), such that despite
commencing the simulation with the most favourable
hydration status, the ice ingestion group finished the
exercise with the least favourable hydration status
despite the subjects maintaining their body mass
(Table 15). This cohort was required to consume

the crushed ice prior to accessing additional fluids,
potentially limiting their fluid consumption and
resulting in the maintenance of their body mass from
pre to post-exercise. Ad libitum fluid consumption
was adequate to maintain hydration status of
Australian and American fire fighters during the 2009
‘Black Saturday’ suppression and recovery operations
(Raines et al.,, 2009). In that study the fire fighters
averaged a similarly dehydrated pre-shift USG of
1.019 to the findings of our investigation (Table 16).
Analogous pre-shift USG values of 1.016 and 1.019
have also been observed for professional wildland
fire fighters (Cuddy et al., 2008; Ruby et al., 2003);
while 91% of professional structural fire fighters
have exceeded a USG of 1.010 (Espinosa, 2008).

Shade Gain
Ice Ingestion Loss
Water Immersion Gain
Misting Fan Gain

0.12 (1.35) 0.22 (1.73)
0.01 (0.61) 0.03 (0.73)
0.95 (0.91) 1.11(1.06)
0.75(1.16) 0.87 (1.35)
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Pre-hydration status also influences physiological
strain during uncompensable heat stress (Cheung
and McLellan, 1998). Commencing a work bout in a
well hydrated state provides a buffer to developing
dehydration, particularly where fluids are not as
freely available as in the current investigation.

So while attention could solely be focused on
hydration during the work period, we recommend
that fire fighters ensure they are well hydrated/
minimally dehydrated prior to work, limiting the
likelihood of developing 2% dehydration throughout
their shift. Dehydration at rates less than 2%

are unlikely to have any deleterious effects on
physiological parameters or work rate. Fire fighters,
like athletes, find it difficult to properly assess their
hydration status. Use or urine colour charts may help
to a certain extent, but weight gain or loss prior to
and during the incident is the most effective method
of documenting large losses in body fluid. Use of
body mass scales at protracted incidents would be a
useful addition to current practice.

Table 16. Change in Body Mass during the Protocol. Data are
Mean (SD).

1.016 1.022
Shade (0.008) (0.004) 0.006
Ice Ingestion (égég) ((1)8(2)2) 0.010
Water 1.018 1.018
Immersion (0.006) (0.007) gose
_— 1.021 1.025
Misting Fan (0.007) (0.007) 0.004

Fire Fighter Cooling in Tropical Field Conditions

3.6.5. Fluid Balance Summary

Overall, the fire fighters were mildly to significantly
dehydrated prior to the exercise and consumed
adequate fluids to maintain or slightly increase

their body mass. Improvements in pre-exercise/shift
hydration would provide a greater defence to the
development of significant dehydration, particularly
where fluids are not as accessible. Ingesting a
pre-shift bolus of fluid would improve hydration
status, but may reduce ad libitum consumption

as the drive to drink is diminished, resulting in
similar overall consumption (Raines et al., 2009).
Regardless, pre-shift hydration provides fire fighters
with a margin of safety for developing dehydration
that may be utilised where an incident doesn't

allow adequate fluid consumption. Linking pre-shift
fluid consumption guidelines to the prevailing Fire
Danger Index (FDI) would recommend higher fluid
consumption when the likelihood of response (and
therefore restricted access to fluids) is greater. Recent
personal experience from the Australian medical
assistance team (AusMAT) mission to flood relief in
Pakistan September 2010 (working under a joint
AusAlID/Australian Defence Force task force) have
indicated the value of pre-work hydration boluses in
austere conditions (39°C maximum, 30°C minimum
ambient temperature). Dehydration was minimised
in the civilian medical team in particular with the use
of three times daily weight measurements and a pre-
shift fluid bolus recommendation of 15mL.kg* body
mass during the first week of deployment.

Cooling via 25°C water immersion lowers sweat
rate and where combined with free access to fluids
are likely to limit the development of dehydration
greater than 2% body mass. Educating fire fighters
in this regard is recommended with the assessment
of individual sweat rates during training sessions a
catalyst to provide fire fighters with an indication
of fluid requirements during dry and wet season
conditions. Providing body mass scales at the station
and in the rehabilitation centre at a protracted
incident is necessary to achieve this objective.
Educating fire fighters on their day to day body
mass and having this recorded for use by those
assessing fire fighters in the field rehabilitation unit
at protracted incidents is a key recommendation.

With similar fluid balance among the cohorts and
prevention of 2% body mass loss, work rate and
cooling were the key factors determining the core
temperature response during this investigation.



4. Key Recommendations

4.1. Rehabilitation Centre

* Fire and Rescue Services should consider a
review into the rehabilitation of its personnel
at protracted incidents or training exercises.
For protracted incidents (>1 hour duration or
requiring 2 breathing apparatus cylinder changes)
that demand strenous workloads,we recommend
establishment of a rehabilitation centre. The
rehabilitation centre must be shaded and
screened from public view with a single entry and
exit point as depicted by Figure 34.

Figure 34. Schematic of proposed rehabilitation centre.
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Water Immersion — adequate water immersion for 6
fire fighters, with water temperature of 25°C.

Fan — High speed floor fan to provide adequate air
movement to cool 9 fire fighters.

Medical Monitoring Area — incorporating
measurement of heart rate, thermal sensation and
monitoring for physical signs of heat exhaustion.

Hydration Station — provide access to water and a
carbohydrate/electrolyte beverage, both served at ~15°C.
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4.2. Cooling - Incidents > 1 hour

That fire fighters undertake 15 minutes of 25°C
water immersion following ~30 minutes of response
or equivalent to one cylinder change, were strenous
workloads are encounted.

That a high speed fan provide an evaporative cooling
option within the rehabilitation centre.

Gear
Storage

Ambulance Staging and
Transportation Access

BA Control
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Fire and Rescue Services should consider a review
into their policy and procedures regarding heat
related illnesses. Ongoing reviews should be
considered to reflect technology advancements
and future research.

Establishment of such a rehabilitation centre
requires medical support. Therefore, Fire and
Rescue Services should consider a review into
provision of appropriate medical services at
incidents or training exercises which have a
likelihood of exposing personnel to conditions
that are predisposed to producing heat related
illnesses.




4. Key Recommendation

4.3. Hydration

* Education of fire fighters to improve pre-shift/
incident hydration status. Fire fighters should
recognise that where access to fluids is restricted,
improving hydration status provides a margin of
safety for development of dehydration.

* Linking pre-shift/incident hydration status to
the prevailing Fire Danger Index (FDI) should be
considered. This initiative would associate fluid
consumption with the likelihood of restricted
access to fluids during incident response.

* Education of fire fighters to minimise body mass
loss to less than 2% (1.7kg for an 85kg fire fighter)
during incidents and/or shifts. Assessment of fluid
balance during daily activities would assist fire
fighters to understand their fluid requirements
in a practical setting. This should include regular
assessment and recording of body mass for
use by those assessing fire fighters in the field
rehabilitation unit.

 Fluids should be readily available during incidents
and served at a temperature of ~15°C. Fire
fighters ought to have the option of water and a
carbohydrate/electrolyte beverage to cater for
individual preferences.

4.4. Surrogate Markers

* Fire fighters achieve a heart rate of less than 120
beats.min™ prior to re-entering an incident.

* Fire fighters rate their thermal sensation according
to Appendix 7.2, and achieve a rating of 10 (hot) or
less prior to re-entry.

4.5. Equipment

That fire service vehicles including Grass Fire Units
and tankers have their water tanks modified to
permit emergency cooling of fire fighters until a
rehabilitation sector can be established.

Consideration should be given to linking pre-shift

fluid consumption guidelines and the prevailing Fire
Danger Index.
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7. Appendices




7.1. Survey of Lifestyle Factors

After your have signed the consent form, please provide the following information.

Age:

Gender: Male Female

How long have you lived in the Northern Territory?

How long have you been a fire-fighter for?

Are you: full time part-time

How much exercise do you do outside of work? (hours per week)

How well hydrated do you feel?

Well hydrated Intermediate

How much fluid have you drunk over the past 24 hours?

Dehydrated

7.2. Thermal Sensation

Thermal Sensation Scale Rating

1. Unbearably Cold
2. Extremely Cold
3. Very Cold

4. Cold

5. Cool

6. Slightly Cool

7 Neutral

8. Slightly Warm
9. Warm

10. Hot

11. Very Hot

12. Extremely Hot
13. Unbearably Hot

National Critical Care and Trauma Response Centre
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7. Appendices

7.3. Post Exercise Survey

After you have completed final cooling, please answer the following questions:

1. What did you think about your cooling station? (Was it a good method of cooling or not)

2. Were there any changes that you would suggest?

3. Do think that that this cooling method would work in a “real-life” CBR incident?

4. Would you have preferred a different cooling method? If so, which one and why?

Thank you for participating today, please:
* Get your final weight checked

* Provide a post test urine sample
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7.4. Figure 16
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